Abstract-This brief describes a superregenerative (SR) voltage-controlled oscillator as a building block for SR receivers where most of the oscillator spectrum components are outside the reception frequency band. This allows overcoming one of the main drawbacks of SR receivers, i.e., the potential interference to nearby receivers operating at the same frequency due to oscillator reradiation. We perform a qualitative analysis of the solution of the circuit equations, describe the most relevant parameters for design, and provide some numerical simulation results. Experimental results on a proof-of-concept implementation validating the described principle and a discussion of the observed behavior are provided.
I. INTRODUCTION
T HE superregenerative (SR) receiver [1] , [2] has proven to be a suitable architecture for low-cost and low-power wireless data links. This is due to a significantly reduced complexity, particularly in comparison with conventional receivers. This receiver has been traditionally used in remote control systems, short-distance telemetry, and wireless security, where the drawbacks of this receiver, mainly its excessive reception bandwidth in comparison with conventional receivers, are more than compensated by the reduction in complexity. In the last years, the SR receiver has been revisited, and several integrated implementations have been reported [3] - [5] , some of its drawbacks have been eliminated, and its field of application has been broadened, with papers reporting applications to spreadspectrum [6] and UWB communications [7] , [8] . On the other hand, applications of these receivers beyond classic amplitudeshift-keying modulation have been reported [9] , [10] , and the SR principle has even been extended to broadband amplifiers and mixers [11] .
The design of SR receivers intended to detect signals at a carrier frequency f requires paying special attention to the po- Constant conductance G 0 includes the source resistance and the losses in the tank circuit, whereas periodic time-varying conductance Ga(t) determines, among other properties, the stability or instability periods of the circuit [13] .
tential problem of oscillator reradiation, particularly (although not only) through the antenna, which may interfere with nearby receivers operating at or near the same frequency. For instance, this is a significant problem when developing wireless sensor networks [12] , currently one of the most promising fields of application of SR receivers. This undesired phenomenon is due to the fact that the main building block of the SR receiver, the SR oscillator (SRO), generates RF bursts of appreciable amplitude at a frequency f 0 that is very close to f . In conventional receivers, reradiation is minimized by designing the low-noise amplifier (LNA) with the additional constraint of exhibiting high reverse isolation. The required isolation may be achieved making use of a cascode structure, but this places a lower limit on the power supply voltage. Other alternatives, such as making use of two cascaded amplifier stages, also result in increased power consumption. In this brief, we propose a new idea to overcome the problem of oscillator reradiation. We design an SR voltage-controlled oscillator (SRVCO) and provide a control signal such that the SRVCO frequency is f during the sensitivity period of the quench cycle. Once the oscillator amplitude starts growing, the oscillator frequency is increased (or decreased). The envelope of the generated waveform carries the required information for signal demodulation (as in a conventional SR receiver) while the signal energy is shifted to frequencies higher (or lower) than f , strongly reducing the interference to other receivers operating at f . The spectral energy shifting effect combined with the bandpass responses of the matching circuits and the antenna, which are all typically narrowband around f , contribute in significantly reducing the restrictions on isolation of the LNA.
II. VOLTAGE-CONTROLLED SRO

Fig. 1 depicts an equivalent circuit of several possible implementations of an SRO (if C(t) is constant) or an SRVCO (if C(t) is time varying). This circuit is described by the differential equation
v o (t) + 2Ċ(t) + G 0 − G a (t) C(t)v o (t) + 1 L +C(t) −Ġ a (t) C(t) v o (t) = 1 C(t)i (t). (1) Fig. 2
. Waveforms of C(t) and G(t).
The shaded area depicts the sensitivity period.
In the linear mode of operation, the response of a classical SRO with constant capacitance value, C(t) = C 0 , to an input signal described by
where ω = 2πf , φ is a constant phase term, and p c (t) is a normalized pulse envelope, may be approximately written as [13] 
where H(ω) is a bandpass function centered at ω 0 = 2πf 0 , and the unity normalized oscillation envelope p(t) is given by
with
From (3), it follows that the oscillator signal v o (t) has a strong frequency content around ω 0 during the whole SRO operation. In normal operation conditions, ω ≈ ω 0 . On the other hand, the peak gain K of the SRO, which depends on several factors (most importantly, the time t b during which the circuit is unstable), is usually sufficiently high to produce an output signal v o (t) with peak amplitudes of some hundreds of millivolts. These relatively high signal levels in the close vicinity of input frequency ω may be reradiated, interfering with nearby receivers.
Furthermore, in the classical SRO, v o (t) is only influenced by the input signal during a short time interval, i.e., the sensitivity period, centered around the instant where the net conductance G(t) = G 0 − G a (t) of the circuit becomes negative [13] , which is taken as t = 0 in Fig. 2 . The signal generated during the sensitivity period, together with the circuit parameters, determines the future evolution of the circuit variables, meaning that there is no dependence on the input signal outside the sensitivity period.
The solution of (1) for arbitrary variations of G a (t) and C(t) is not trivial and is beyond the scope of this brief. However, to gain insight into the circuit operation, we may consider the waveforms depicted in Fig. 2 , where C(t) varies between C 0 and C 1 and G varies between G 0 and G 1 . 
(t). (c) Instantaneous pulsation of vo(t).
have a duty cycle of 50% and exhibit rise and fall times that are 5% of the quench period. Fig. 3(a) shows the generated signal v o (t); Fig. 3(b) shows the envelope of v o (t), expressed in dBV to explicitly show the exponential dependence with time; and Fig. 3(c) shows the instantaneous frequency of v o (t), computed from the zero crossings of v o (t). Next, we discuss the observed behavior.
Considering that the signal from the previous quench cycle is negligible, the output signal up to t = t 1 (see Figs. 2 and 3 ) corresponds to that of a conventional SRO with constant capacitance C(t) = C 0 with the normalized oscillation envelope p(t) given by (4) . In this interval, the instantaneous frequency is constant and is given by (5) .
Note also that, if t 1 is outside the sensitivity period, the evolution for t > t 1 is essentially independent of the input signal. As a consequence, the overall frequency dependence of the SRVCO will be determined by the frequency dependence during the sensitivity period, which is given by |H(ω)|, as in [13] , with the center frequency given by (5) .
In the time interval t 2 ≤ t ≤ t b , C(t) = C 1 . As a consequence, the SRVCO signal is expected to have an envelope similar to (4) substituting C 0 by C 1 in (5) and (6) . Hence, most of the SRVCO signal energy will be located around
which is the value of the instantaneous frequency in this interval. Note that, since C 1 < C 0 , the slope in this interval [see Fig. 3(b) ] is higher than the slope for t < t 1 , producing a higher total gain. Choosing C 1 > C 0 , the SRVCO would exhibit a lower gain than with fixed C(t) = C 0 and most of the signal energy would be at frequencies lower than ω. The extra gain achieved may be a good reason to choose C 1 < C 0 . During the time interval t 1 ≤ t ≤ t 2 , the SRVCO output frequency [see Fig. 3(c) ] changes as in a conventional VCO since the rate of change of C(t) is slow compared with the generated frequency. A soft transition is observed in the SRVCO envelope during this interval.
III. EXPERIMENTAL RESULTS AND DISCUSSION
To validate these ideas, a proof-of-concept SRVCO in the 800-MHz European ISM band has been built with discrete components on an FR4 board following the schematic depicted in Fig. 4 . As shown, the SRVCO is based on a commoncollector Colpitts oscillator based on a BFP405 transistor with a BB131 varicap diode controlling the resonant frequency of the selective network. Component values are R V = 5.6 kΩ, C B = 2.5 pF, C = 0.47 pF, L = 5.6 nH, C A = 1.5 pF, C 1 = 2.7 pF, and C 2 = 1 pF. The envelope detector is also built with a BFP405 transistor and allows further signal processing and final bit decision in other stages. Component values are C 0 = 12 pF, R B = 750 kΩ, and C E = 82 pF. R E = 1.8 kΩ in both circuits, and the V CC = 3.3 V power supply is provided through conventional bypass and filtering elements.
Since we wished to investigate the inherent performance of the SRVCO concept, no previous amplifier stage was provided. In addition, as the objective is to make repeatable measurements but there is no need to measure absolute sensitivity figures (there is no reason to expect differences with previously reported ones), we have used the simple ad-hoc test setup schematically depicted in Fig. 5 . The RF input signal and the output to the spectrum analyzer are loosely coupled to the SRVCO making use of MCX connectors soldered on the ground plane closely to the SRVCO with no direct connection to the circuit and using the center pins of the connectors as small antennas. Fig. 6 shows the relevant signal waveforms of the prototype. The top trace (trace 2) is the envelope detector output showing the receiver operating at the threshold of the logarithmic mode. The varicap control signal is the center trace (trace 3) in this figure. The adjustment shown places the center of the receiversensitive passband at 840 MHz and provides a maximum frequency shift of +66 MHz. The bottom trace (trace 1) depicts applied quench voltage v Q (t). This signal is inversely related to conductance G(t): The circuit is stable (G(t) > 0) for low values of the quench signal. For this experiment, a sawtooth quench signal was chosen, resulting in a narrower receiver bandwidth, as predicted by conventional theory [2] , [13] . The quench frequency is 1 MHz, which is within the modulation bandwidth of the VCO.
The observed behavior closely matches the predictions. As in this case C 1 < C 0 , the peak gain increases with decreasing C 1 , i.e., with increasing varicap control voltage. Fig. 7 shows the measured signal spectrum when the SRVCO is tuned to 840 MHz, as indicated by the markers and the superimposed frequency response of the receiver. The subfigures depict the signal generated by the SRVCO: a) in the absence of input signal (noise-driven response); and b) in the presence of a continuous-wave (CW) signal at 840 MHz. These spectra exhibit the characteristic shape of an SR receiver tuned to 840 MHz but with the spectral peaks shifted upward approximately +66 MHz. Note that the in-band radiated power density is attenuated by more than 35 dB [see Fig. 7(b) ] compared to what would be obtained with a classical SRO where the peak located at 906 MHz would be at 840 MHz. On the other hand, the resulting out-of-band attenuation will be strongly dependent on several factors that will be unique to each design, namely, the antenna Q, the antenna matching circuit bandwidth, the combined frequency response of the LNA and the corresponding LNA-VCSRO coupling circuit, and most important, the particular relative frequency shift α = ω 1 /ω 0 . Assuming α = 1.08 and moderate values of Q (in the range of 10-15) in each of these bandpass terms, the combined response achieves ∼20 dB of attenuation to be added to the reverse isolation of the LNA.
The measured receiver frequency response also matches that of a conventional receiver, as expected. However, as the time point t 1 (where the capacitance starts changing) is decreased (which may be attractive to achieve more overall gain), an increasing part of the sensitivity period includes a zone where the receiver is sensitive to higher frequencies. Therefore, the shape of the frequency response also gives a useful hint to indirectly determine the end of the sensitivity period.
An experimental demonstration emphasizing this effect is presented in Fig. 8(a) and (b) , which correspond to an SRVCO adjusted to provide +33 MHz and +66 MHz shifts in the spectral peak, respectively. In these figures, we show the measured frequency responses for three different relative phase shifts between C(t) and G(t). There are steps of 10
• phase shift, corresponding to 27.8 ns, between traces. As the figure caption shows, we have referenced these traces to t b instead of the origin, as t b is much better determined for the sawtooth quench used in the experiments.
A detailed analysis of the resulting frequency response is still open to current research and will be investigated in detail elsewhere, but the qualitative effect corresponds to the qualitative predictions outlined before.
IV. CONCLUSION
In this brief, we have presented an SRVCO. We have shown how the simultaneous control of the quench signal and the oscillation instantaneous frequency allows retaining the essential properties of a conventional SR receiver with the advantageous ability to modulate the locally generated RF signal away from the reception frequency. Experimental results on an 800-MHz ISM-band receiver validate the proposed approach, demonstrating a significant reduction of in-band radiated power, lowering the interference to nearby receivers in the same frequency band. The choice of capacitance variation influences the envelope of the generated RF bursts and may also be exploited to achieve a higher gain compared with an SR receiver operating at a fixed frequency. The exact investigation of the effects of arbitrary variations of the control signal of the voltage-controlled oscillator and the development of design guidelines to meet specific criteria are still open areas for further research.
